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SCRAMJET NOZZLE DESIGN AND ANALYSIS AS APPLIED TO A H I G H L Y  
;.- 
I 
INTEGRATED HYPERSONIC RESEARCH AIRPLANE 
W i l l i a m  J .  Small, John P .  Weidner ,  and P .  J .  J o h n s t o n  
Langley  Research C e n t e r  
SUMMARY 
The great p o t e n t i a l  e x p e c t e d  from f u t u r e  a i r - b r e a t h i n g  h y p e r s o n i c  a i r c r a f t  
sys tems is p r e d i c a t e d  on t h e  assumpt ion  t h a t  t h e  p r o p u l s i o n  sys tem can  be e f f i -  
c i e n t l y  i n t e g r a t e d  w i t h  t h e  airframe. A s t u d y  o f  engine-nozz le  airframe i n t e -  
g r a t i o n  a t  h y p e r s o n i c  s p e e d s  h a s  been conducted by u s i n g  a high-speed research- 
a i r c ra f t  c o n c e p t  as a f o c u s .  R e c e n t l y  deve loped  t e c h n i q u e s  f o r  a n a l y s i s  of 
s c r a m j e t - n o z z l e  e x h a u s t  f lows  p r o v i d e  a r e a l i s t i c  a n a l y s i s  of complex forces 
r e s u l t i n g  from t h e  engine-nozz le  airframe c o u p l i n g .  R e s u l t s  from these s t u d i e s  
show t h a t  by p r o p e r l y  i n t e g r a t i n g  t h e  engine-nozz le  p r o p u l s i v e  system w i t h  t h e  
airframe, e f f i c i e n t ,  c o n t r o l l e d  and s t a b l e  f l i g h t  r e s u l t s  o v e r  a wide speed 
r a n g e .  
I N T R O D U C T I O N  
S t u d i e s  o f  h y p e r s o n i c  a i r - b r e a t h i n g  a i r c ra f t  u s i n g . h y d r o g e n  f u e l  have 
shown them t o  have unique  and d e s i r a b l e  charac te r i s t ics  as f u t u r e  f l i g h t  sys-  
tems ( r e f s .  1 t o  5 ) .  The h i g h  s p e e d s  t y p i c a l  o f  t h e s e  v e h i c l e s  make them 
a t t r a c t i v e  f o r  a v a r i e t y  o f  m i s s i o n s  such  as long-range c i v i l  t r a n s p o r t s ,  
l a u n c h  v e h i c l e s  f o r  second-s tage  o r b i t e r s ,  and a v a r i e t y  o f  m i l i t a r y  a p p l i c a -  
t i o n s .  The expec ted  f l i g h t  r e g i m e s  o f  t hese  a i r c r a f t  are  i l l u s t r a t e d  i n  f i g -  
u r e  1 .  E f f i c i e n t  a i r - b r e a t h i n g  p r o p u l s i o n  s y s t e m s  u t i l i z i n g  ramjet-scramjet 
e n g i n e  c y c l e s  a r e  c r i t i c a l  deve lopmenta l  items and c o n s t i t u t e  a p a c i n g  item i n  
h y p e r s o n i c  a i r c r a f t  development .  The propuls ion-sys tem i n s t a l l a t i o n  f o r  v e r y  
high-speed f l i g h t  w i l l  d i f f e r  from c o n v e n t i o n a l  c o n c e p t s  i n  t h a t  a h i g h e r  d e g r e e  
of commonality i s  r e q u i r e d  between a i r f r a m e  and e n g i n e  components.  
A s  i l l u s t r a t e d  i n  f igure 2 ,  t h e  e n t i r e  v e h i c l e  u n d e r s u r f a c e  i s  devoted  t o  
t h e  p r o p u l s i o n  sys tem.  The f o r e b o d y  a c t s  as a n  i n l e t  compress ion  ramp, a c e n t e r  
p o r t i o n  o f  t h e  body c o n t a i n s  e n g i n e  modules ,  and t h e  comple te  a f t e r b o d y  forms an 
exhaus t -nozz le  s u r f a c e .  
P r e v i o u s  s t u d i e s  ( r e f s .  6 t o  8 )  have found t h e s e  i n t e g r a t e d  c o n c e p t s  t o  
have b e n e f i c i a l  a s p e c t s  f o r  b o t h  cruise  and a c c e l e r a t i o n  a p p l i c a t i o n s .  Advan- 
t a g e s  t h a t  a c c r u e  from e f f i c i e n t  e n g i n e - a i r f r a m e  i n t e g r a t i o n  i n c l u d e  forebody 
i n l e t  p recompress ion ,  which e f f e c t i v e l y  r e d u c e s  r e q u i r e d  e n g i n e  s i z e  and weight 
r e q u i r e m e n t s  as  compared t o  a free-stream i n l e t ;  and because ' some o f  t h e  work o f  
i n l e t  compress ion  h a s  been accomplished by t h i s  f o r e b o d y ,  o v e r a l l  e n g i n e  e f f i -  
c i e n c y  is  improved. 
g r a t e d  concept  because  t h e  large a f t e r b o d y  n o z z l e  area c a n  p o t e n t i a l l y  p r o v i d e  
v e r y  e f f i c i e n t  exhaus t -gas  e x p a n s i o n  w i t h  minimal aerodynamic d r a g .  T h i s  l a r g e  
Exhaust-nozzle  performance a l s o  b e n e f i t s  from t h i s  i n t e -  
exhaus t  s u r f a c e  can  a l s o  be used advan tageous ly  t o  i n c r e a s e  f a v o r a b l e  l i f t  f o r  
c r u i s e  a i r c ra f t .  
I n t e g r a t i o n  of eng ine  and airframe i n  t h i s  h i g h l y  i n t e g r a t e d  manner,  how- 
e v e r ,  is n o t  t h e  o n l y  s o l u t i o n  t o  t h e  d e s i g n  o f  h y p e r s o n i c  p r o p u l s i o n  s y s t e m s ,  
An a l t e r n a t e  concep t  i n c o r p o r a t e s  ax isymmetr ic  e n g i n e s  and n o z z l e s  c o n t a i n e d  
w i t h i n  discrete  n a c e l l e s  i n  a manner similar t o  c u r r e n t  podded t u r b o j e t  e n g i n e s .  
The s t u d y  of  r e f e r e n c e  9 s p e c i f i c a l l y  a d d r e s s e s  t h e s e  a l t e r n a t e  c o n c e p t s  and con- 
c l u d e s  t h a t  i n t e g r a t e d  sys t ems  such  as t h o s e  s t u d i e d  i n  t h i s  pape r  o f f e r  a much 
h i g h e r  i n s t a l l e d  s p e c i f i c  impulse  as compared t o  ax isymmetr ic  sys t ems .  
It i s  a p p a r e n t  t h a t  t h e  large exhaus t  s u r f a c e s  o f  h i g h l y  c o u p l e d ,  i n t e g r a t e d  
a i r c ra f t  can produce large t h r u s t  and moment f o r c e s ,  and i n  t h e  case o f  a n  
imprope r ly  des igned  n o z z l e ,  a s s o c i a t e d  t r i m  drag p e n a l t i e s  may become e x c e s s i v e .  
Because nozz le  d e s i g n  i s  p r i m a r i l y  c o n t r o l l e d  by t h r u s t  and s t a b i l i t y  r e q u i r e -  
ments ,  i t  is i m p e r a t i v e  t h a t  propuls ion-sys tem p a r a m e t e r s  b e  examined a c r o s s  t h e  
e n t i r e  a i rcraf t  f l i g h t  enve lope .  Vehicle t r i m  c a p a b i l i t y  i n  t h e  power-off mode 
a l s o  assumes i n c r e a s e d  impor t ance  owing t o  t h e  p o s s i b l e  large s h i f t  i n  t h r u s t  
v e c t o r s  and r e s u l t i n g  t r i m  r e q u i r e m e n t s .  T h e r e f o r e ,  one key t o  a s u c c e s s f u l  
high-performance v e h i c l e  i s  a s y s t e m a t i c  p rocedure  f o r  e f f e c t i v e l y  a s s e s s i n g  
t h e s e  i n t e r a c t i o n s  i n  t h e  e a r l y  stages o f  a d e s i g n  i f  any  b e n e f i c i a l  coup l ing  
between the  e n g i n e ,  n o z z l e ,  and airframe i s  t o  be  a c h i e v e d .  
A s t u d y  o f  t h e  i n t e r a c t i o n s  between p r o p u l s i o n  and aerodynamics o f  a h i g h l y  
i n t e g r a t e d  v e h i c l e  was unde r t aken  i n  s u p p o r t  o f  a Langley Research Cen te r  
research a i r p l a n e  concep tua l  d e s i g n  e f f o r t  and i s  p a r t l y  d e s c r i b e d  i n  refer- 
ences  10 and 1 1 .  Its m i s s i o n  was t o  a c t  as a t es t  v e h i c l e  f o r  key h y p e r s o n i c  
t echno logy  items such as s t r u c t u r a l  and thermal p ro tec t ion - sys t em c o n c e p t s ,  and 
p r o p u l s i o n  package o p e r a t i o n  under  t r u e  f l i g h t  c o n d i t i o n s  th roughou t  most o f  t h e  
hype r son ic  f l i g h t  regime o f  i n t e r e s t  ( f i g .  1 ) .  Propuls ion-sys tem c o n c e p t s  and 
t r e n d s  deve loped  d u r i n g  t h e  c o u r s e  o f  t h i s  s t u d y ,  because  o f  t h e  h i g h l y  i n t e -  
grated n a t u r e  o f  t h i s  v e h i c l e  and t h e  l a r g e  r ange  o f  f l i g h t  c o n d i t i o n s  t h a t  had 
t o  be  e v a l u a t e d ,  shou ld  a p p l y  t o  a large c lass  of  h y p e r s o n i c  v e h i c l e s .  The 
r e s u l t s ,  c o n c e p t s ,  and t e c h n i q u e s  developed f o r  eng ine -nozz le -a i r f r ame  i n t e g r a -  
t i o n  as  a r e s u l t  o f  t h i s  s t u d y  form t h a  s u b j e c t  o f  t h i s  p a p e r .  
The o r g a n i z a t i o n  of t h e  paper  is  summarized as follows: 
( 1 )  Genera l  s t u d y  c o n s i d e r a t i o n s :  Background material i s  p r e s e n t e d  f o r  t h e  
research v e h i c l e  and sc ramje t - eng ine  module o f  t h i s  s t u d y .  Fundamental  eng ine  
s i z i n g  c o n s t r a i n t s  are a l s o  d i s c u s s e d .  
( 2 )  A n a l y t i c a l  t e c h n i q u e s :  Ground r u l e s  f o r  t h i s  s t u d y  and a n a l y t i c a l  
methods f o r  computing airframe and propuls ion-sys tem components are  summarized. 
Engine-a i r f rame f o r c e - d a t a  bookkeeping p rocedures  are  o u t l i n e d .  
I 
( 3 )  Parametric s t u d y  o f  n o z z l e :  Nozzle  geometry and l o n g i t u d i n a l  engine-  
nozz le  l o c a t i o n s  are p a r a m e t r i c a l l y  v a r i e d  t o  de t e rmine  t h e i r  e f f e c t  on n o z z l e  
o p e r a t i o n  and t h e  r e s u l t i n g  i n t e g r a t e d  trimmed v e h i c l e  per formance ,  
2 
( 4 )  P r o p u l s i o n  e f fec ts  on v e h i c l e  performance:  A c a n d i d a t e  n o z z l e  d e t e r -  
mined t o  be n e a r  optimum from t h e  p r e v i o u s  p a r a m e t r i c  s t u d y  i s  used t o  i n v e s t i -  
gate v e h i c l e  s t a b i l i t y  and a c c e l e r a t i o n  per formance .  
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v e l o c i t y ,  m/sec 
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aerodynamic-center  l o c a t i o n  
a n g l e  o f  a t t a c k ;  i n c i d e n c e ,  deg 
e l evon  d e f l e c t i o n  a n g l e ,  p o s i t i v e  when t r a i l i n g  edge i s  down, deg 
s u r f a c e  i n c i d e n c e ,  deg 
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S u b s c r i p t s  : 
C combustor e x i t  
e engine  
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normal d i r e c t i o n  
a i r f l o w  p r o p e r t i e s  p r i o r  t o  i n l e t  e n t r a n c e  
combus t o r -  e x i  t c o n d i t i o n s  
free stream 
GENERAL STUDY CONSIDERATIONS 
A Langley Research  C e n t e r  d e s i g n  s t u d y  o f  c o n c e p t u a l  high-speed research 
a i r p l a n e s  i n v e s t i g a t e d  a series o f  a l t e r n a t e  c a n d i d a t e  c o n c e p t s .  From t h e s e  con- 
c e p t s  a h i g h l y  i n t e g r a t e d  hydrogen-fue led  d e s i g n  was s e l e c t e d  a s  t h e  f o c u s  f o r  
t h i s  p r o p u l s i o n  i n t e g r a t i o n  s t u d y  because  i t  i n c o r p o r a t e d  many o f  t h e . s i g n i f i c a n t  
f e a t u r e s  o f  f u t u r e  h y p e r s o n i c  a i r c r a f t ,  such  as  l a r g e  a f t e r b o d y  areas f o r  n o z z l e  
expans ion .  Th i s  v e h i c l e  and i t s  a s s o c i a t e d  scramjet p r o p u l s i o n  package are  n e x t  
summarily d e s c r i b e d .  
Hydrogen-Fueled Hypersonic  Research Aircraft 
The h y p e r s o n i c  research a i r c r a f t  used as  t h e  b a s i s  f o r  t h e  engine-nozz le-  
v e h i c l e  i n t e g r a t i o n  a n a l y s i s  d e s c r i b e d  i n  t h i s  paper  ( f i g s .  2 and 31, i s  
24 .38  meters l o n g  and i s  powered by f o u r  r o c k e t  e n g i n e s  f u e l e d  w i t h  l i q u i d  hydro- 
gen and l i q u i d  oxygen,  S u f f i c i e n t  p r o p e l l a n t  is  c o n t a i n e d  w i t h i n  t h e  a i r c ra f t  
f o r  r o c k e t  a c c e l e r a t i o n  t o  Mach 8 from a n  a i r  l aunch  a t  Mach 0 . 8 ,  w i t h  a d d i t i o n a l  
p r o p e l l a n t  f o r  Mach 10 boos t  provided  by e x t e r n a l  t a n k s  t h a t  would j e t t i s o n  a t  
about  Mach 2.  A s  i l l u s t r a t e d  i n  figures 2 and 3 ,  s i x  research scramjet modules 
can be i n t e g r a t e d  w i t h  t h e  b a s i c  a i r c r a f t .  With e f f i c i e n t  i n t e g r a t i o n  t h e  scram- 
j e t s  can p r o v i d e  a c c e l e r a t i n g  t h r u s t  between Mach 4 and 10 w i t h o u t  r o c k e t  power. 
LRC Fixed-Geometry Sc ramje t  
The b a s e l i n e  r e s e a r c h  scramjet employed i n  t h i s  s t u d y  i s  t h e  f ixed-geometry 
concept  c u r r e n t l y  under  development a t  Langley Research Center  ( r e f s .  9 ,  I O ,  12 ,  
and 13 ) .  T h i s  i s  a r e c t a n g u l a r  modular eng ine  t h a t  a t t aches  d i r e c t l y  t o  t h e  
v e h i c l e  u n d e r s u r f a c e .  T h i s  concept  u s e s  swept compression surfaces and f u e l -  
i n j e c t o r  s t r u t s  t o  p r o v i d e  i n l e t  s t a r t i n g  a t  low speed  and good i n t e r n a l  pe r -  
formance th roughou t  t h e  scramjet o p e r a t i n g  speed r a n g e .  The s w e p t  compression 
s u r f a c e s  a l s o  p r o v i d e  l o c a l i z e d  p r e s s u r e  r e l i e f  a l o n g  t h e  t o p  s u r f a c e  o f  t h e  
eng ine  t o  e n a b l e  t h e  scramjet t o  i n g e s t  t h e  v e h i c l e  fo rebody  boundary l a y e r ,  t h u s  
e l i m i n a t i n g  t h e  need f o r  boundary- layer  d i v e r s i o n  o r  b l e e d .  I n s t r e a m  f u e l  i n j e c -  
t i o n  is used t o  minimize t h e  combustor l e n g t h  and heat f l u x  t o  t h e  i n t e r n a l  s u r -  
faces. The eng ine  o p e r a t e s  i n  a s u p e r s o n i c  combust ion mode a t  s p e e d s  above 
Mach 5. C a l c u l a t i o n s  show t h e r m a l  choking  w i t h i n  t he  combustor may occur  below 
Mach 5 i f  s u p e r s o n i c  combust ion were a t t e m p t e d  and may r e s u l t  i n  a mode o f  opera-  
t i o n  i n v o l v i n g  bo th  s u b s o n i c  and s u p e r s o n i c  combust ion .  
5 
Engine S i z e  C o n s t r a i n t s  
A p r imary  o b j e c t i v e  o f  t h e  c o n c e p t u a l  r e s e a r c h  a i r c ra f t  s t u d y  was t o  d e f i n e  
an i n t e g r a t e d  v e h i c l e  a i r - b r e a t h i n g  p r o p u l s i o n  sys tem c a p a b l e  o f  demons t r a t ing  
a c c e l e r a t i o n  and high-component performance th roughou t  a w i d e  h y p e r s o n i c  speed  
r a n g e .  
t h roughou t  t h e  scramjet o p e r a t i n g  r a n g e  was o f  paramount impor t ance .  Accord- 
i n g l y ,  t h e  eng ine  i n l e t  was a lways  s i z e d  t o  t a k e  f u l l  advan tage  o f  t h e  maximum 
u s a b l e  area w i t h i n  t h e  fo rebody  shock  l a y e r .  I n l e t s  des igned  t o  ex tend  th rough  
t h e  shock l a y e r  i n t o  free-stream f l o w  are c o n s i d e r e d  u n l i k e l y  p o s s i b i l i t i e s  from 
t h e  s t a n d p o i n t  o f  reduced  e n g i n e  performance and i n c r e a s e d  we igh t  r e q u i r e m e n t s  
and were n o t  c o n s i d e r e d .  I n c r e a s e d  Mach number g e n e r a l l y  r e q u i r e s  a n  i n c r e a s i n g  
eng ine  s i z e  as a r e s u l t  o f  reduced  a i r  d e n s i t y  and s p e c i f i c  impu l se .  A t  t h e  
same time i n c r e a s e d  Mach number decreases t h e  d e p t h  of  t h e  fo rebody  lower  s u r -  
face shock l a y e r  such  t h a t  t h e  i n l e t  must be  l o c a t e d  a t  a more rearward body 
s t a t i o n  where s u f f i c i e n t  a i r f l o w  i s  a v a i l a b l e .  The v e h i c l e  fo rebody  h a s  a major  
i n f l u e n c e  on t h e  s i z e  eng ine  t h a t  can  be  i n s t a l l e d  a t  any  g i v e n  body s t a t i o n  
through minimizing f low a n g u l a r i t y  and maximizing a v a i l a b l e  mass f l o w  a v a i l a b l e  
f o r  p r o c e s s i n g  a t  t h e  i n l e t  face. A good fo rebody  d e s i g n  a l l o w s  a maximum u t i l i -  
z a t i o n  of  t h e  a v a i l a b l e  area w i t h i n  t h e  body shock  l a y e r .  Details o f  t h e  f o r e -  
body d e s i g n  and a n a l y s i s  are  d i s c u s s e d  i n  r e f e r e n c e  10. 
Miss-ion a n a l y s i s  s t u d i e s  i n d i c a t e d  t h a t  good a i rc raf t  a c c e l e r a t i o n  
While t h e  e f fec t  o f  h i g h e r  Mach numbers i s  t o  move t h e  eng ine  l o c a t i o n  
rearward t o  maximize eng ine  s i z e ,  a t  t h e  same time t h e  l a r g e r  n o z z l e  expans ion  
areas needed t o  maximize t h r u s t  a t  h i g h e r  Mach numbers have t h e  effect  o f  
i n c r e a s i n g  n o z z l e  l e n g t h  and f o r c i n g  t h e  e n g i n e  forward .  F i g u r e  4 i l l u s t r a t e s  
t h e  i dea l  expans ion  area r e q u i r e d  f o r  f u l l y  expanded n o z z l e s  f o r  t h e  case o f  
i s e n t r o p i c a l l y  expanding hydrogen-a i r  combust ion p r o d u c t s .  The i s e n t r o p i c  con- 
d i t i o n s  shown r e p r e s e n t  uniform p a r a l l e l  e n t r a n c e  and e x i t  n o z z l e  f lows  expanding 
t o  a s i n g l e  s p e c i f i e d  e x i t  p r e s s u r e .  P r a c t i c a l l y ,  however,  such  a n o z z l e  i s  t o o  
long  f o r  most hype r son ic  a i r c r a f t  a p p l i c a t i o n s ,  and t r u e  n o z z l e  e x i t  c o n d i t i o n s  
are far  from uni form.  T h i s  nonun i fo rmi ty  r e s u l t s  from t h e  f a c t  t h a t  t h e  nozz le  
upper wall  h a s  t h e  c a p a b i l i t y  t o  expand t o  nea r - s t r eam pressure b e f o r e  over -  
expanding ,  y e t  t h e  n o z z l e  i n t e r i o r  cowl wal l  p r e s s u r e  can  o n l y  expand t o  t h e  
higher  e x t e r n a l  cowl p r e s s u r e  b e f o r e  i t  overexpands .  None the le s s ,  t h e  manner i n  
which idea l  exhaus t -expans ion-area  r e q u i r e m e n t s  t end  t o  i n c r e a s e  w i t h  Mach num- 
b e r  i s ,  i n  g e n e r a l ,  i n d i c a t i v e  o f  t h e  t rer id  o f  p r a c t i c a l  n o z z l e s .  
ANALYTICAL TECHNIQUES 
A comple te  a n a l y s i s  o f  t h e  impact o f  propuls ion-sys tem v a r i a b l e s  on t o t a l  
a i r c ra f t  performance i n v o l v e s  a large spec t rum o f  f l i g h t  c o n d i t i o n s  f o r  each  
propuls ion-sys tem v a r i a b l e  c o n s i d e r e d .  
however,  con f ined  t h e  engine-nozz le-a i r f rame d e s i g n  s t u d y  t o  a 71 820-Pa 
( 1 5 0 0 - l b f / f t 2 )  a c c e l e r a t i o n  f l i g h t  pa th  from Mach 4 ( s c r a m j e t  i g n i t i o n )  t o  
Mach 10 (maximum a i r c r a f t  Mach number).  The eng ine -nozz le -a i r f r ame  combina t ion  
was ana lyzed  a t  an a i r c r a f t  a n g l e  of a t t a c k  of 2 O ,  which was r e p r e s e n t a t i v e  o f  
t h e  71 820-Pa f l i g h t  p a t h ,  and t o t a l - t r i m m e d - a i r c r a f t  t h r u s t  margin was t h e  p r i -  
mary c r i t e r i o n  f o r  e v a l u a t i n g  t h e  engine-nozz le  combina t ions .  The p r o p u l s i o n  
system was ana lyzed  a t  t h e  discrete  Mach numbers of 4 ,  6 ,  and I O ,  and t h e  
The p r e l i m i n a r y  a n a l y s i s  r e p o r t e d  h e r e i n ,  
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f o l l o w i n g  Mach number-fuel-air  r a t i o  s c h e d u l e  was de termined  t o  be n e a r  o p t i -  
mum from m i s s i o n s  s t u d i e d :  
S e v e r a l  a n a l y t i c a l  methods were r e q u i r e d  t o  compute t h e  major  a i r f r a m e ,  e n g i n e ,  
and n o z z l e  f o r c e s ,  and t h e  e s s e n t i a l  e l emen t s  o f  t h e s e  t e c h n i q u e s  a re  now 
summarized. 
Airframe Ana lys i s  
Aerodynamics o f  t h e  b a s i c  v e h i c l e  and e x t e r n a l  eng ine  cowl s u r f a c e s  were 
e v a l u a t e d  u s i n g  t h e  h y p e r s o n i c  a r b i t r a r y - b o d y  program o f  r e f e r e n c e  14 by select-  
i n g  t h e  f o l l o w i n g  program o p t i o n s .  Body and cowl compression s u r f a c e  p r e s s u r e s  
were computed u s i n g  tangent -cone  methods,  and compress ion  s u r f a c e  p r e s s u r e s  on 
wings,  t a i l s ,  and c o n t r o l  s u r f a c e s  were computed u s i n g  tangent-wedge methods.  
A l l  p r e s s u r e  on aerodynamic s u r f a c e s  i n  expans ion  was de te rmined  by Prandtl-Meyer 
expans ion  from f ree  stream. Turbu len t  s k i n  f r i c t i o n  was c a l c u l a t e d  by t h e  method 
o f  S p a l d i n g  and Chi .  
Engine A n a l y s i s  
I 
j Engine-module per formance  was ana lyzed  by u s i n g  one-dimensional  t e c h n i q u e s  
f o r  e i ther  a pure  scramjet c y c l e  ( r e f s .  9 and 13)  o r  pure  ramjet c y c l e  ( r e f .  1 5 ) .  
S c r a m j e t  ( s u p e r s o n i c  combust ion)  eng ine  performance was c a l c u l a t e d  a t  d i s c r e t e  
Mach numbers o f  4, 6 ,  and I O ,  and ramjet ( s u b s o n i c  combust ion)  engine-module 
performance was c a l c u l a t e d  a t  Mach 4 .  Miss ion  a n a l y s i s  s t u d i e s  f o r  t h i s  v e h i c l e  
i n d i c a t e d  t h a t  f u e l - t o - a i r  r a t i o s  n e a r  s t o i c h i o m e t r i c  were r e q u i r e d  t o  produce 
a c c e p t a b l e  a c c e l e r a t i o n  performance a t  Mach 4 .  A f u e l - t o - a i r  r a t i o  n e a r  s t o i -  
c h i o m e t r i c  could  n o t  be o b t a i n e d  i n  a pure  s c r a m j e t  c y c l e  a t  t h i s  low Mach number 
because  o f  thermal chok ing .  T h e r e f o r e ,  f o r  t h e  pu rposes  o f  t h i s  s t u d y ,  ramjet 
eng ine  performance was used a t  Mach 4 and scramjet eng ine  performance was used 
a t  Mach 6 and 10. These c a l c u l a t i o n s  were used  n o t  o n l y  t o  assess i n t e r n a l  
r. eng ine  performance b u t  a l s o  t o  p r o v i d e  t h e  i n i t i a l  c o n d i t i o n s  f o r  t h e  n o z z l e  
c a l c u l a t i o n s ,  I n l e t - e n t r a n c e  and combustor -ex i t  c o n d i t i o n s  are  p r e s e n t e d  i n  
t a b l e  1 .  
I 
Nozzle  Ana lys i s  
S i x  d i s c r e t e  scramjet modules were combined t o  'form t h e . c o m p l e t e  e n g i n e  
sys tem f o r  t h e  a i rcraf t  as shown i n  f i g u r e s  2 and 3 .  Uniform two-dimensional  
f low e x h a u s t i n g  from a s i n g l e  combustor  e x i t  was assumed t o  r e p r e s e n t  t h e  eng ine  
package;  t h u s ,  f o r  pu rposes  o f  t h i s  s t u d y  t h e  assumpt ion  was made t h a t  combustor- 
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exit geometry, instead of forming a series of six discrete rectangular com- 
bustor exits exhibiting three-dimensional flow, would be modified to a single 
rectangular two-dimensional exit spanning the entire width of the engine pack- 
age, In order to preserve exit area with this greater width, the two-dimensional 
combustor-exit height was reduced from the three-dimensional case. In all cases 
presented in this paper, the resulting two-dimensional ratio of combustor-exit 
height to engine-inlet height is held constant. 
Nozzle forces were analyzed by using a recently developed three-dimensional 
reference-plane characteristics computer program in a two-dimensional mode of 
operation (refs. 16 and 17). As stated previously, engine-cycle calculations 
were used to obtain initial conditions, and thereafter exhaust-gas properties 
were internally generated by the nozzle program for proper hydrogen-air combus- 
tion product mixtures in local chemical equilibrium. The interaction between 
nozzle flow and external flow was computed for all cases of nozzle underexpan- 
sion. Nozzle geometry was assumed strictly two-dimensional from the combustor- 
exit plane rearward (fig. 5). Nozzle-wall contours were linear segments joined 
by small radii to insure surface slope continuity. Note that combustor-exit 
conditions are assumed to begin in a vertical rather than the sweptback plane 
typical of this engine concept. It is realized that three-dimensional effects 
are of importance in nozzle design; however, in this preliminary effort emphasis 
was placed on major trends in nozzle design that could be discerned without the 
additional complexity of three dimensionality. Subsequent analysis should 
investiga.te three-dimensional effects to the limit of available theoretical and 
experimental methods. 
External Cowl Surfaces 
Sidewall surfaces of the engine cowling were approximately alined with the 
flow under the body. The cowling lower surface, on the other hand, is inclined 
into the flow with an angle determined by the nozzle-cowl-wall geometry (fig. 5). 
Changes in this nozzle-cowl-wall geometry thus necessarily involve changes in 
exterior-cowl aerodynamic forces, which were accounted for in all integrated 
vehicle calculations. As a result of the forebody analysis of reference IO, the 
engine-inlet cowling was designed to subtend approximately 80 percent of the 
body lower surface width as shown in figure 3. For this vehicle, this is the 
maximum engine width commensurate with reasonably uniform flow within the fore- 
body shock-layer flow, 
Engine Spillage 
Engine spillage is a design feature of this fixed-geometry engine that 
allows operation at low Mach numbers. The spillage schedule was taken from ref- 
erence I 3  (fig. 6(a)) and was used in computing engine performance. Spillage 
forces are caused by the deflection of spillage air by the engine-inlet external 
shock system and are presented in figure 6(b). These values were computed 
through a theoretical evaluation of integrated forces along the engine-spillage 




D e f i n i t i o n  o f  Forces  
For pu rposes  of a n a l y s i s  and p r e s e n t a t i o n  o f  d a t a ,  t h e  propuls ion-sys tem 
f o r c e s  were subd iv ided  i n t o  s e v e r a l  c a t e g o r i e s ,  which were s e p a r a t e l y  ca lcu la ted  
and t h e n  used i n  t h e  t o t a l - v e h i c l e  f o r c e  i n t e g r a t i o n s .  One o f  t h e s e  c a t e g o r i e s ,  
t h e  engine-module forces ,  c o n t a i n s  a l l  i n t e r i o r  f o r c e s  o f  t h e  p r o p u l s i o n  sys tem 
from t h e  beg inn ing  o f  t h e  module i n l e t  t h rough  t h e  combustor .  The component o f  
eng ine  t h r u s t  i n  t h e  f l i g h t  d i r e c t i o n  i s  denoted  as n e t  engine-module t h r u s t .  
Note t h a t  t h e  e n g i n e  module deve lops  n e t  l i f t  and p i t c h i n g  moments,.which are 
accounted  f o r  i n  t o t a l - i n t e g r a t e d  v e h i c l e - f o r c e  summations.  
The second g e n e r a l  c a t e g o r y  o f  propuls ion-sys tem f o r c e s ,  t h e  n o z z l e  f o r c e s ,  
i n c l u d e s  a l l  s u r f a c e  f o r c e s  (uppe r  n o z z l e  w a l l  and i n t e r i o r  cowl w a l l )  e x t e n d i n g  
rearward  from t h e  combustor  e x i t .  Nozzle- force  summations do n o t  i n c l u d e  n e t  
engine-module f o r c e s  no r  e x t e r n a l  cowl f o r c e s .  Nozzle t h r u s t  c o e f f i c i e n t s  pre-  
s e n t e d  i n  t h i s  paper  are  c a l c u l a t e d  i n  t h e  f l i g h t - a x i s  d i r e c t i o n  u n l e s s  o t h e r w i s e  
n o t e d ,  and t h e  n o z z l e  moments are t a k e n  about  t h e  v e h i c l e  center of g r a v i t y  
( 6 4 . 5  p e r c e n t  o f  body l e n g t h ) .  T h i s  c e n t e r - o f - g r a v i t y  l o c a t i o n  i s  h e l d  c o n s t a n t  
th roughout  t h e  s t u d y  f o r  a l l  n o z z l e  and eng ine  l o c a t i o n s .  Nozzle l e n g t h s  are 
nondimens iona l ized  by combustor -ex i t  h e i g h t  because  t h i s  l e n g t h - t o - h e i g h t  r a t i o  
c h a r a c t e r i z e s  t h o s e  p a r t s  o f  t h e  n o z z l e  geometry a f fec ted  by expans ion  f a n s  
emanat ing from e i the r  t h e  n o z z l e  w a l l  o r  cowl s u r f a c e s ,  Nozzle  f o r c e s  and 
moments used i n  t h i s  s t u d y  are  p r e s e n t e d  i n  t a b l e  2 .  
The l a s t  c a t e g o r y  o f  propuls ion-sys tem f o r c e s ,  e x t e r n a l  f o r c e s ,  i n c l u d e s  
s p i l l a g e  and e x t e r n a l  cowl aerodynamic f o r c e s ,  which are  accounted  f o r  i n  a l l  
f o r c e  summations.  
Aerodynamic f o r c e s  are  computed over  t h e  e n t i r e  v e h i c l e  s u r f a c e  no t  sub- 
tended  by t h e  p ropu l s ion - sys t em components ( i n l e t ,  e x t e r i o r  cowl ing ,  and n o z z l e ) .  
Note t h a t  t h e  f o r c e s  on t h e  v e h i c l e  fo rebody  ahead o f  t h e  i n l e t  e n t r a n c e  are  n o t  
i n c l u d e d  as  p a r t  o f  t h e  p r o p u l s i o n  s y s t e m  b u t  r a t h e r  a s  a n  i n t e g r a l  p a r t  o f  t h e  
airframe aerodynamics .  
I 
I 
P A R A M E T R I C  STUDY OF NOZZLE 
The purpose  of t h e  n o z z l e  o p t i m i z a t i o n  a n a l y s i s  was t o  assess t h e  e f fec ts  
o f  nozzle-geometry m o d i f i c a t i o n s  ( f i g .  5 )  on a i r c r a f t  performance ( p r i m a r i l y  
t h r u s t  margin and t r i m  c o n t r o l )  and t o  de t e rmine  optimum combina t ions  o f  t h e  
n o z z l e  v a r i a b l e s  f o r  t h e  research a i r p l a n e  c o n f i g u r a t i o n .  The l o n g i t u d i n a l  l oca -  
t i o n  of  t h e  scramjet, upper  nozz le-wal l  a n g l e ,  i n t e r i o r  cowl a n g l e ,  and cowl 
l e n g t h  measured from t h e  combustor  e x i t  were t h e  pr imary  independent  n o z z l e  
v a r i a b l e s  used t o  o p t i m i z e  t h e  eng ine -nozz le  combina t ion  and i t s  e f f e c t  on v e h i -  
by t h e  i n t e r i o r  cowl a n g l e  O s  and cowl l e n g t h  1,. 
A 
6, c l e  performance.  Note t h a t  t h e  lower  cowl e x t e r i o r - s u r f a c e  a n g l e  was de termined  
I n  p r i n c i p l e ,  g l o b a l  optimums f o r  these v a r i a b l e s  cou ld  be  found by u s i n g  
a parameter  min imiza t ion  t e c h n i q u e .  Such a p rocedure  was i m p r a c t i c a l  f o r  t h i s  
s t u d y  because  o f  t h e  mass o f  da t a  p r o c e s s i n g  r e q u i r e d  t o  e s t a b l i s h  a s i n g l e  v a r i -  
a t i o n  from a g iven  r e f e r e n c e  p o i n t .  I n s t e a d ,  v a r i a t i o n s  i n  n o z z l e  geometry were 
made from a b a s e l i n e  n o z z l e  s e l e c t e d  e a r l y  i n  t h e  s t u d y  on t h e  b a s i s  o f  good 
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performance c h a r a c t e r i s t i c s  a t  Mach 10, as d e s c r i b e d  s u b s e q u e n t l y  i n  t h e  s e c t i o n  
e n t i t l e d  "Scramje t  Loca t ion . "  The use  of  t h i s  b a s e l i n e  n o z z l e  o f f e r s  a conven- 
i e n t  r e f e r e n c e  t o  gage t h e  re la t ive  merits o f  t h e  pa rame t r i c -nozz le  v a r i a t i o n s  I 
p r e s e n t e d .  The b a s e l i n e - n o z z l e  upper  wall was c h a r a c t e r i z e d  by an  upper  w a l l  I 
expans ion  a n g l e  of 20' and a l e n g t h  18.54 times t h e  combustor  h e i g h t .  
z l e  lower  cowl opened a t  an  expans ion  a n g l e  o f  6' and was 3.12 t imes as  long  
as t h e  combustor -ex i t  h e i g h t .  The geomet r i c  p r o p o r t i o n s  o f  t h i s  n o z z l e  are 
1 
The noz- 
d e p i c t e d  i n  t h e  s k e t c h  o f  f i g u r e  5 .  1 
Scramje t  Loca t ion  
E a r l y  i n  t h e  s t u d y ,  s c ramje t - eng ine  l o n g i t u d i n a l  l o c a t i o n  on t h e  a i r c r a f t  
a t  Mach 10 was found t o  be one o f  t h e  most c r u c i a l  v a r i a b l e s  t o  be de t e rmined .  
A t  t h i s  high-speed end o f  t h e  f l i g h t  t r a j e c t o r y ,  e n g i n e  t h r u s t  marg ins  d e c l i n e  
owing t o  reduced eng ine  performance.  Also,  v e h i c l e - c o n t r o l  r e q u i r e m e n t s  can be 
ve ry  s e v e r e  owing t o  reduced s t a t i c  margins  a t  t h e s e  h i g h  Mach numbers.  Any 
large c o n t r o l  d e f l e c t i o n s  a t  Mach 10 imply l a r g e  e l evon  d r a g  and h e a t i n g  l o a d s .  
The method used i n  s i z i n g  t h e  propuls ion-sys tem package a s  a x i a l  l o c a t i o n  
changed ( f i g .  7 )  was t o  i n c r e a s e  e n g i n e - i n l e t  area as t h e  eng ine  was moved rear- 
ward so as t o  c a p t u r e  t h e  maximum a v a i l a b l e  shock- l aye r  f low.  T h i s  s i z i n g  was 
accomplished by assuming a c o n s t a n t  eng ine  wid th  o f  a p p r o x i m a t e l y  80 p e r c e n t  of  
body span and a l i n e a r  v a r i a t i o n  i n  shock h e i g h t  w i t h  l o n g i t u d i n a l  p o s i t i o n .  
These assumpt ions  were shown t o  be r e a s o n a b l e  from t h e  fo rebody  d e s i g n  s t u d y  o f  
r e f e r e n c e  10. The nozz le  was he ld  t o  a maximum g e o m e t r i c  expans ion  a r e a  by 
always t e r m i n a t i n g  t h e  n o z z l e  upper wall j u s t  below t h e  af t -mounted r o c k e t  
eng ine  ( f i g .  3.). Under t h e s e  c o n s t r a i n t s  t h e  a x i a l  l o c a t i o n  o f  t h e  eng ine  
d e t e r m i n e s  t h e  nozz le  upper w a l l  expans ion  a n g l e .  
The optimum l o n g i t u d i n a l  engine-module-nozzle p o s i t i o n  depends on i n l e t  
mass-flow r a t e s ,  n o z z l e  e f f i c i e n c y ,  and t r i m  d r a g  p e n a l t i e s  induced by t h e  pro- 
p u l s i o n  sys tem.  Rearward propuls ion-sys tem l o c a t i o n  w i l l  i n c r e a s e  i n l e t  a r e a  
( a n d ,  c o n s e q u e n t l y ,  mass-flow r a t e s  th rough t h e  eng ine  modules)  and w i l l  d i r e c t l y  
i n c r e a s e  engine-module t h r u s t .  Nozzle t h r u s t ,  on t h e  o t h e r  hand ,  i s  n o t  a s i m -  
p l e  f u n c t i o n  o f  mass-flow ra tes  b e c a u s e ,  as t h e  eng ine  i s  moved l o n g i t u d i n a l l y ,  
nozz le  geometry and ,  c o n s e q u e n t l y ,  e f f i c i e n c y  v a r y .  T r i m  d r a g  p e n a l t i e s  can  be 
induced by both  eng ine  l o c a t i o n  and n o z z l e  c o n f i g u r a t i o n .  Nozzle e f f i c i e n c y ,  
o r  t h e  a b i l i t y  t o  c o n v e r t  nozz le -en t r ance  momentum i n t o  u s e f u l  t h r u s t ,  i s  p r i -  
m a r i l y  a complex f u n c t i o n  o f  nozz le  geometry.  I n  o r d e r  t o  c l a r i f y  t h e  i n f l u e n c e  
o f  t h i s  n o z z l e  geometry on t h r u s t  e f f i c i e n c y ,  i s o l a t e d  n o z z l e s  w i t h  c o n s t a n t  
nozz le -en t r ance  c o n d i t i o n s  t y p i c a l  o f  a scramjet eng ine  o p e r a t i n g  w i t h  8 O  o f  
forebody precompress ion  are f i rs t  examined. Cowl l e n g t h s  and t h e  n o z z l e  e x i t -  
t o - e n t r a n c e  area r a t i o  are a l s o  he ld  c o n s t a n t .  T h u s ,  t h e  o n l y  v a r i a b l e s  a r e  
upper wall expans ion  a n g l e  and l e n g t h .  The g e o m e t r i c a l  v a r i a t i o n s  i n  t h e s e  
i s o l a t e d  n o z z l e s  are  seen  from t h e  u p p e r  p a r t  o f  f i g u r e  8 t o  be q u i t e  s imi la r  
t o  t h e  v a r i a t i o n s  encountered  i n  p o s i t i o n i n g  a n o z z l e  i n  v a r i o u s  l o n g i t u d i n a l  
l o c a t i o n s  as shown i n  f igure  9 ,  but  u n l i k e  t h e  t r u e  f l i g h t  c a s e  these  i s o l a t e d  
n o z z l e s  are f ree  from v a r i a t i o n s  i n  mass f low and n o z z l e  e x i t - t o - i n l e t  area 




T y p i c a l l y ,  ax isymmetr ic  rocket o r  t u r b o j e t  e n g i n e  n o z z l e s  have a c l e a r l y  
d e f i n e d  n o z z l e  e x i t ,  and t h e  t h r u s t  v e c t o r  l i e s  i n  t h e  p l a n e  o f  t h e  n o z z l e  a x i s .  
The h i g h l y  i n t e g r a t e d  scramjet n o z z l e ,  on t h e  o t h e r  hand ,  a s  shown i n  t h e  f o r c e  
diagram o f  f i g u r e  8 ,  may have v e r y  l a r g e  asymmetr ic  components normal  t o  t h e  
c o n v e n t i o n a l  n o z z l e  a x i s  ( d e f i n e d  as p a r a l l e l  t o  t h e  n o z z l e - e n t r a n c e  f l o w ) .  
Note t h a t  as a r e s u l t  o f  w a l l  r a d i i  and a n g u l a r i t y ,  n o z z l e - f o r c e  v e c t o r s  do n o t  
l i e  normal t o  t h e i r  a s s o c i a t e d  wal l  i n c l i n a t i o n  a n g l e s .  I f  n o z z l e  e f f i c i e n c y  is  
e v a l u a t e d  on t h e  b a s i s  o f  t h r u s t  ,Tenerated a l o n g  t h e  n o z z l e  a x i s ,  t h e  smallest  
expans ion  a n g l e  ( l o n g e s t  n o z z l e )  d e v e l o p s  t h e  l a r g e s t  t h r u s t .  T h i s  i s  t o  be  
e x p e c t e d  (assuming i n v i s c i d  f low)  because  small upper  wall  a n g l e s  r e d u c e  t h e  
s t r e n g t h  o f  t h e  upper w a l l  e x p a n s i o n  f a n  and t h u s  i n c r e a s e  n o z z l e  upper  w a l l  
p r e s s u r e s .  However, t he  t h r u s t  i n  t h e  f l i g h t  d i r e c t i o n  d e t e r m i n e s  v e h i c l e  
a c c e l e r a t i o n  c h a r a c t e r i s t i c s  and t h e  f l i g h t  a x i s  o f  t h e  r e s e a r c h  a i r c r a f t  used 
i n  t h i s  s t u d y  is  i n c l i n e d  8"to t h e  n o z z l e  a x i s .  
i n  t h e  f l i g h t  d i r e c t i o n  depend upon b o t h  t h e  magnitude and o r i e n t a t i o n  o f  t h e  
forces g e n e r a t e d  on t h e  n o z z l e  upper  wa l l ,  t h e  optimum n o z z l e  f o r  p r o d u c i n s  
t h r u s t  i n  t h e  f l i g h t  d i r e c t i o n  i s  n o t  t h e  l o w e s t  expans ion-angle  ( l o n g e s t )  n o z z l e  
b u t  i s  s h o r t e r  and h a s  a g r e a t e r  upper  w a l l  expans ion  a n g l e  a s  i n d i c a t e d  i n  
f i g u r e  8.  
Because n o z z l e - t h r u s t  l e v e l s  
For  a c o n d i t i o n  of c o n s t a n t  mass f low and i n  t h e  a b s e n c e  o f  t r i m  d r a g ,  t h e  
20' n o z z l e  would be s e l e c t e d  as a n  optimum from an i n s t a l l e d  t h r u s t  s t a n d p o i n t .  
The t r u e  s i t u a t i o n  i n  r e g a r d  t o  l o n g i t u d i n a l l y  p l a c i n g  t h e  e n g i n e  n o z z l e ,  how- 
e v e r ,  i s  compl ica ted  by t h e  f a c t  t h a t  as  t h e  e n g i n e  is  moved rearward  from t h e  
most e f f i c i e n t  n o z z l e  p o s i t i o n ,  t h e  n o z z l e  assumes a l e s s  e f f i c i e n t  s h a p e ,  i n l e t  
mass flow i n c r e a s e s ,  and a i r c r a f t  t r i m  r e q u i r e m e n t s  change .  T h i s  s i t u a t i o n  can  
be b e s t  e x p l a i n e d  by r e f e r e n c e  t o  f i gu res  9 and I O ,  which s c h e m a t i c a l l y  and 
g r a p h i c a l l y  i l l u s t r a t e  engine-nozz le  b e h a v i o r  w i t h  a x i a l  l o c a t i o n .  A s  t h e  n o z z l e  
p o r t i o n  t o  i n g e s t e d  mass f low.  Upper w a l l  f o r c e s ,  however,  d e c r e a s e  as t h e  noz- 
z l e  s h i f t s  rearward  and a l s o  i n c l i n e  more i n t o  t h e  d i r e c t i o n  o f  t h e  f l i g h t  a x i s .  
The n e t  r e s u l t  of e n g i n e  module p l u s  n o z z l e  f o r c e s  i s  s e e n  ( f i g .  I O )  t o  i n c r e a s e  
i n  n e t  t h r u s t  l e v e l s  as t h e  n o z z l e  i s  moved rearward  t o  t h e  70-percent  body sta- 
t i o n  w i t h  o n l y  small i n c r e a s e s  p a s t  t h a t  p o i n t .  Thus,  i n c r e a s e d  mass f l o w  a t  
t h e  r e a r m o s t  engine-nozz le  a x i a l  l o c a t i o n s  was more t h a n  a b l e  t o  compensate f o r  
t h e  poor e f f i c i e n c y  o f  t h e  larSe wal l  a n g l e  n o z z l e s .  T r i m  d r a g  p e n a l t i e s  on t h e  
i n t e g r a t e d  a i r c r a f t  are a f u n c t i o n  o f  n o z z l e  t h r u s t  and l i f t - i n d u c e d  p i t c h i n g  
moments and can s t r o n g l y  i n f l u e n c e  t h e  s e l e c t i o n  o f  a n  optimum n o z z l e .  The 
magnitude o f  wal l  and cowl f o r c e s  p r e s e n t e d  i n  f i g u r e s  9 and 10 shows t h a t  f o r  
t he  e n g i n e  module l o c a t e d  a t  0 .694  o f  body l e n g t h ,  n o z z l e  moments are n e a r l y  
c a n c e l e d  by n e t  engine-module moments. A s  t h e  e n g i n e  i s  moved a f t  o f  t h i s  l o c a -  
t i o n ,  l a r g e  p o s i t i v e  moments are i n t r o d u c e d  as a r e s u l t  o f  t h e  reduced  n o z z l e  
upper  w a l l  and i n c r e a s e d  cowl p r e s s u r e s ,  a c o n d i t i o n  which i s  a g g r a v a t e d  by  an 
i n c r e a s i n g  moment arm t o  t h e  v e h i c l e  c e n t e r  o f  g r a v i t y .  I n  a c t u a l  p r a c t i c e  t h e  
a i r c ra f t  c e n t e r  of  g r a v i t y  may move somewhat rearward w i t h  a f t  movement o f  t h e  
e n g i n e  and a s s o c i a t e d  changes  i n  v e h i c l e  i n t e r n a l  packaging and s t r u c t u r a l  
a r r a n g e m e n t s .  Such a c e n t e r - o f - g r a v i t y  t r a v e l  may b e  l i m i t e d ,  however,  because  
it a g g r a v a t e s  a n  a l r e a d y  m a r g i n a l  s t a b i l i t y  problem a t  t h e  h i g h e s t  Mach numbers.  
(See s e c t i o n  e n t i t l e d  " L o n g i t u d i n a l  S t a b i l i t y . " )  Ref ined  t r - ea tmen t  o f  t h e  pro- 
p u l s i o n  i n t e g r a t i o n  problem must of  c o u r s e  i n c l u d e  r ea l i s t i c  c e n t e r - o f - g r a v i t y  
t r a v e l  i n  t h e  d e s i g n  t r a d e s .  





The n e t  e f fec t  of scramjet l o c a t i o n  on t h r u s t  margin and e l evon  d e f l e c t i o n s  
r e q u i r e d  f o r  t r i m  i s  shown i n  f i g u r e  11 f o r  t h e  research a i r p l a n e .  A s  p r e v i -  
o u s l y  shown, t he  decrease i n  n o z z l e  e f f i c i e n c y  w i t h  t h e  more rearward eng ine  
l o c a t i o n s  t e n d s  t o  c o u n t e r b a l a n c e  t h e  b e n e f i c i a l  e f fec ts  o f  i n c r e a s e d  mass f low 
such t h a t  o n l y  s l i g h t  i n c r e a s e s  i n  untrimmed t h r u s t  margins  are o b t a i n e d  f o r  
eng ine  l o c a t i o n s  a f t  of  
moments a s s o c i a t e d  w i t h  t h e  rearward eng ine  l o c a t i o n  r e q u i r e  large p o s i t i v e  ele- 
von t r i m  c o n t r o l ,  As shown, t r i m  drag a s s o c i a t e d  w i t h  these p o s i t i v e  e l evon  
d e f l e c t i o n s  p r e v e n t s  t h e  most rearward n o z z l e  from producing  a maximum i n t e -  
grated t h r u s t  margin ,  d e s p i t e  t h e  l a r g e r  i n l e t  c a p t u r e  area a s s o c i a t e d  w i t h  t h i s  
l o c a t i o n .  Elevon d e f l e c t i o n s  are  e s s e n t i a l l y  z e r o ,  and t h e  t h r u s t  margin is  a 
maximum a t  an  eng ine  p o s i t i o n  0.052, a f t  o f  t h e  c e n t e r  o f  g r a v i t y  ( i e / Z v  = 0 . 7 ) .  
Here nozz le  f o r c e s  approx ima te ly  c a n c e l  engine-module moments, and t h e  a i r c r a f t  
is  n e a r l y  se l f - t r imming .  A t  t h e  more forward e n g i n e  p o s i t i o n s  t h e  n e t  n e g a t i v e  
p i t c h i n g  moments gene ra t ed  by t h e  p r o p u l s i o n  sys tem are  c a n c e l e d  o u t  by n e g a t i v e  
e l evon  d e f l e c t i o n s ,  which c a u s e  a n e g l i g i b l e  drag p e n a l t y  f o r  t h i s  a n g l e  of  
a t t ack  of 2'. Thrus t  marg ins ,  however,  decrease f o r  these  l o n g e r  n o z z l e s  owing 
t o  large asymmetr ica l  n o z z l e  f o r c e s  deve loped  a l o n g  t h e  n o z z l e  upper  w a l l  s u r -  
face.  For example,  as shown i n  f i g u r e  9 ,  t h e  more forward  n o z z l e s  (smaller wall 
a n g l e s )  deve lop  t h e  l a rges t  upper  w a l l  f o r c e s  b u t  a c t u a l l y  produce l e s s  t h r u s t  
i n  t h e  f l i g h t  d i r e c t i o n  t h a n  t h e  more rearward n o z z l e s  ( larger  w a l l  a n g l e s ) .  
le/lV = 0.7.  However, t h e  large p o s i t i v e  p i t c h i n g  
Miss ion  s t u d i e s  have shown t h a t  t h e  assumed a n g l e  o f  a t t a c k  of  2' c l o s e l y  
approximates  a c o n s t a n t  71 820-Pa ( 1 5 0 0 - l b f / f t 2 )  t r a j e c t o r y  f o r  t h i s  a i r c r a f t ;  
however, n o z z l e s  w i t h  large e l evon  t r i m  changes  can  be  expec ted  t o  d e v i a t e  some- 
what from t h i s  a n g l e  o f  a t t a c k  t o  m a i n t a i n  c o r r e c t  l i f t  a t  a c o n s t a n t  dynamic 
pressure .  However, modera te  changes  i n  a n g l e  o f  a t t a c k  would n o t  a l t e r  t h e  
basic comparisons shown i n  f i g u r e  1 1 ,  as i s  shown i n  a subsequen t  s e c t i o n  o f  
t h i s  p a p e r  e n t i t l e d  " A c c e l e r a t i o n  Performance."  
Parametric cowl- length v a r i a t i o n s  are reviewed i n  a subsequen t  s e c t i o n  o f  
t h i s  p a p e r ,  bu t  a t  t h i s  p o i n t  a br ie f  d i s c u s s i o n  o f  cowl- length  e f f ec t s  on noz- 
z l e s  a t  v a r i o u s  l o n g i t u d i n a l  l o c a t i o n s  seems i n  o r d e r ,  L i f t  f o r c e s  g e n e r a t e d  
on upper  nozz le  wal ls  and t h e  lower cowl are  each a p p r o x i m a t e l y  t h ree  times t h e  
nozz le  t h r u s t  l e v e l ,  and i t  might be  s u s p e c t e d  t h a t  v a r i a t i o n s  i n  cowl l e n g t h  
would p rov ide  a powerfu l  means o f  c o n t r o l l i n g  t r i m  d r a g  p e n a l t i e s  and t h u s  
g r e a t l y  i n f l u e n c e  t h e  t h r u s t  margins  p re sen ted  i n  f i g u r e  1 1 .  I n  p a r t i c u l a r ,  a 
r e d u c t i o n  i n  cowl l e n g t h  f o r  t h e  most rearward n o z z l e  (2 , /2 ,  = 0.775)  shou ld  
r educe  t r i m  drag and t h e r e b y  i n c r e a s e  t h e  e f f e c t i v e n e s s  o f  t h i s  n o z z l e .  However, 
as i n d i c a t e d  i n  f i g u r e  1 2 ,  v a r i a t i o n s  i n  cowl l e n g t h  a t  tliis rearward l o c a t i o n  
have l i t t l e  or  no e f fec t  on t o t a l - v e h i c l e  t h r u s t  margins  because  decreases i n  
t r i m  drag are coun te rba lanced  by t h r u s t  l o s s e s  because  o f  s h o r t e n i n g  t h e  cowl.  
A t  t h e  more forward scramjet p o s i t i o n s ,  s h o r t e n i n g  t h e  cowl s i g n i f i c a n t l y  r educes  
o v e r a l l  nozz le  t h r u s t  l e v e l s ,  I n c r e a s e s  i n  cowl l e n g t h  a t  forward  scramjet loca -  
t i o n s  beyond t h a t  of  t h e  b a s e l i n e  n o z z l e  (2, /hc = 3 .0 )  t end  t o  r e s u l t  i n  o n l y  
s l i g h t  improvements i n  t h r u s t  margin.  Thus,  optimum scramjet l o c a t i o n  i s  n e a r l y  
independent  of  cowl l e n g t h  and o c c u r s  a t  approx ima te ly  70 p e r c e n t  of  t h e  l e n g t h  
f o r  t h e  r e s e a r c h  v e h i c l e  c o n c e p t .  
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Propulsion-System'Analysis f o r  B a s e l i n e  Nozzle  
From t h e  p r e c e d i n g  d i s c u s s i o n  o f  engine-nozz le  a x i a l  l o c a t i o n  a t  Mach 10, an  
optimum l o c a t i o n  w a s  found a t  0.694 o f  body l e n g t h .  The n o z z l e  co r re spond ing  t o  
t h i s  l o c a t i o n  was s e l e c t e d  as t h e  b a s e l i n e  n o z z l e  f o r  p a r a m e t r i c  v a r i a t i o n s  t h a t  
f o l l o w  i n  t h i s  p a p e r .  A t  t h i s  p o i n t ,  however,  a b r i e f  a n a l y s i s  o f  p ropu l s ion -  
sys tem f o r c e s  and e f f i c i e n c i e s  f o r  t h i s  b a s e l i n e  n o z z l e  i s  p r e s e n t e d  o v e r  t h e  
o p e r a t i o n a l  Mach number r a n g e ,  
Computed i n t e g r a t e d  v e h i c l e  f o r c e s  and moments are p r e s e n t e d  i n  f i gu re  I 3  f o r  
, Mach numbers of 4 t o  IO. 
dominant ly  due t o  n o z z l e  and e n g i n e  components.  Nozzle  t h r u s t  i s  s e e n  t o  p l a y  
an i n c r e a s i n g l y  c r i t i c a l  r o l e  as t h e  Mach number i n c r e a s e s ,  and above Mach 6 noz- 
z l e  t h r u s t  exceeds  n e t  engine-module t h r u s t .  S p i l l a g e  and cowl f o r c e s  produce 
n e t  d rag  but  are r e l a t i v e l y  i n s i g n i f i c a n t  compared t o  n o z z l e  and engine-module 
t h r u s t ;  these  are n o t  a g a i n  p r e s e n t e d  i n  f o r c e  breakdowns i n  t h i s  p a p e r ,  a l t h o u g h  
t h e y  have been accounted  f o r  i n  a l l  i n t e g r a t e d  v e h i c l e  f o r c e  and moment 
c a l c u l a t i o n s .  
Pr imary  p ropu l s ion - sys t em f o r c e s  and moments are  pre-  
< 
The r a t i o  o f  propuls ion-sys tem s p e c i f i c  impulse  t o  t h e  Mach 10 v a l u e  i s  
p resen ted  f o r  t h e  b a s e l i n e  n o z z l e  i n  f i g u r e  1 4 .  T h i s  impulse i n c l u d e s  n e t  
propuls ion-sys tem f o r c e s  i n  t h e  f l i g h t  d i r e c t i o n  from t h e  engine-module i n l e t  
f a c e  t o  t h e  n o z z l e  e x i t  w i t h  a l l  p r e s s u r e s  invo lved  i n  t h e  t h r u s t  c a l c u l a t i o n  
r e f e r e n c e d  t o  free-stream c o n d i t i o n s .  R e s u l t s  shown i n  f i g u r e  14  are v e r y  s i m i -  
l a r  t o  t h o s e  p r e s e n t e d  i n  r e f e r e n c e s  9 and 13 which  were d e r i v e d  from more ide -  
a l i z e d  c o n s i d e r a t i o n s .  
Nozzle  Expansion Area 
In t h i s  s e c t i o n ,  n o z z l e  geomet r i c  expans ion  area i s  v a r i e d  by changing  
I 
nozz le  upper wall a n g l e  8 a t  c o n s t a n t  scramjet l o c a t i o n  0.72,, i n  c o n t r a s t  
t o  a p rev ious  s e c t i o n  e n t i t l e d  "Scramje t  Loca t ion"  where w a l l  a n g l e  was v a r i e d  
and geomet r i c  expans ion  area remained c o n s t a n t .  The n o z z l e  s k e t c h  shown i n  
f igure  1 5 ( a )  i l l u s t r a t e s  t h i s  geomet r i c  v a r i a t i o n .  An i n s p e c t i o n  o f  t h e  nozz le -  
wall  p r e s s u r e  d i s t r i b u t i o n  (M = I O )  r e v e a l s  t h a t ,  a s  cou ld  be e x p e c t e d ,  i n c r e a s -  
c o n s t a n t  because  t h e  cowl t r a i l i n g  edge t e r m i n a t e s  forward  o f  any  f i n a l  expans ion  
wave emanat ing from t h e  upper  wal l -combustor-exi t  j u n c t u r e .  T y p i c a l l y ,  t h o s e  
n o z z l e s  wi th  small upper  s u r f a c e  expans ion  a n g l e s  g e n e r a t e  l a r g e  n e g a t i v e  p i t c h -  
i n g  moments owing t o  t h e  s u b s t a n t i a l  l i f t  f o r c e s  invo lved  a c r o s s  t h e  o p e r a t i o n a l  
I 
I i n g  w a l l  expans ion  a n g l e  d e c r e a s e s  upper w a l l  p r e s s u r e s .  Cowl p r e s s u r e s  remain 
3 Mach number r ange  o f  t h e  e n g i n e .  
The largest  expans ion-area  n o z z l e  t h a t  could  be i n s t a l l e d  i n  t h e  r e s e a r c h  
#, a i r p l a n e  (19.8O) developed  t h e  smallest n e g a t i v e  moment and g e n e r a l l y  coun te r -  
ba lanced  n e t  e n g i n e  moments ( f i g .  1 5 ( b ) ) .  T h i s  large expans ion  n o z z l e  a l s o  cpn- 
s i s t e n t l y  deve loped  t h e  largest  t h r u s t  o v e r  t h e  speed  r ange .  F i g u r e  16 shows 
t h e  effect  of i n t e g r a t i n g  these n o z z l e s  w i t h  t h e  t o t a l  v e h i c l e .  The la rges t  
n o z z l e  opening  t h a t  cou ld  be f i t t e d  t o  t h e  v e h i c l e  (19.8' r e f e r e n c e  n o z z l e )  i s  
s u p e r i o r  t o  any smaller n o z z l e  opening  a n g l e  a t  a l l  Mach numbers,  and undoubtably  
a somewhat larger  opening  a n g l e  would improve v e h i c l e  performance t o  some e x t e n t  
a t  t h e  h igh  Mach number end of  t h e  f l i g h t  regime. 
13 
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The 19 .8O n o z z l e  a l s o  produces  minimum t r i m  drag ( f i g .  1 6 ) .  T h i s  n o z z l e  
r e q u i r e s  o n l y  a 6' e l e v o n  s e t t i n g  v a r i a t i o n  from Mach 4 t o  10 and r e q u i r e s - t h e  
least  e l evon  change t o  t r a n s i t i o n  from trimmed power-on t o  trimmed power-off 
f l i g h t  c o n d i t i o n s ,  The effects  o f  a f u e l  shutdown (power-off  c o n d i t i o n s )  are 
c h a r a c t e r i z e d  by engine-module drag i n s t e a d  o f  t h r u s t  and decreased n o z z l e  upper  
and lower  wal l  p r e s s u r e s ,  which f o r  t h e  19.8' n o z z l e  n e a r l y  compensate f o r  one  
a n o t h e r .  
Nozzle  Cowl Angle 
% 
A p a r t  o f  t he  a n a l y s i s  was devoted  t o  a n  examina t ion  of t h e  effect  o f  i n t e -  
r i o r  cowl-angle v a r i a t i o n s  ( f i g .  1 7 ) .  Because o f  t h e  large p r e s s u r e s  deve loped  
ove r  t h e  r e l a t i v e l y  s h o r t  cowl ,  i t s  a n g u l a r i t y  might  be expec ted  t o  have s i g n i f -  I 
i c a n t  effects  on v e h i c l e  t h r u s t  and t r i m .  A s  cowl expans ion  a n g l e  i s  i n c r e a s e d ,  
lower p r e s s u r e s  are  g e n e r a t e d  ove r  both  cowl and upper  w a l l  n o z z l e  s u r f a c e s ,  
and as  a r e s u l t  t h e  n o z z l e  t h r u s t  i s  somewhat degraded ( f i g .  1 7 ( a ) ) .  The most 
n o t a b l e  effect  of  cowl-angle  v a r i a t i o n  i s  i n  t he  n o z z l e  pitching-moment charac- 
t e r i s t ics  a t  t h e  h i g h e r  Mach numbers. A s  t h e  cowl a n g l e  i s  i n i t i a l l y  i n c r e a s e d ,  
r educed  pressures on the  upper  w a l l  and cowl s u r f a c e  are e s s e n t i a l l y  compensat ing 
and c a n c e l  pitching-moment v a r i a t i o n s .  
however,  lower cowl p r e s s u r e s  wi thou t  a co r re spond ing  change on upper  w a l l  s u r -  
f a c e s  and r e su l t  i n  a n e t  p o s i t i v e  p i t c h i n g  moment ( f i g .  1 7 ( b ) ) .  I n t e g r a t i o n  o f  
these n o z z l e  f o r c e s  w i t h  t h e  v e h i c l e ,  however,  shows t h a t  s u p e r i o r  performance 
l e v e l s  ove r  most o f  t h e  Mach number r ange  are ach ieved  w i t h  t h e  cowl a n g l e  
of  6O, which most n e a r l y  b a l a n c e s  n e t  eng ine  moments ( f i g .  1 8 ) .  
t r i m  c o n d i t i o n s  are r e f l e c t e d  i n  t h e  minimal e l e v o n  d e f l e c t i o n s  r e q u i r e d  f o r  
t h e  cowl a n g l e  of 6' when compared w i t h  larger o r  smaller cowl a n g l e s .  
F u r t h e r  e x p a n s i o n s  o f  t h e  cowl t o  1 2 O ,  
These f a v o r a b l e  
Nozzle-Cowl Length V a r i a t i o n  
The l e n g t h  o f  t h e  b a s e l i n e  n o z z l e  cowl (ZS/hc = 3 . 1 2 )  e x t e n d s  t o  a p o s i -  
t i o n  somewhat beyond t h e  i n i t i a l  expans ion  wave from t h e  upper  wall c o r n e r .  A s  
shown i n  f i g u r e  l g ( a ) ,  t h e  p o s i t i o n  a t  which t h i s  expans ion  f a n  s t r ikes  t h e  cowl 
s u r f a c e  r e s u l t s  i n  a sudden d r o p  i n  cowl p r e s s u r e  approx ima te ly  t h ree  t h r o a t  
h e i g h t s  (Zs /h  
( Z s / h C . E  3.127 was v a r i e d  by s h o r t e n i n g  t h e  cowl such  t h a t  i t  d i d  n o t  ex tend  t o  
t he  i n i t i a l  expans ion  f a n  and a l s o  by l e n g t h e n i n g  i t  t o  ex tend  far ther  i n t o  t h e  
expansion-fan p r e s s u r e  f i e l d .  A s  s e e n  i n  f i g u r e  1 9 ( b ) ,  t h e  p e n a l t y  f o r  n o t  con- 
t a i n i n g  a l l  o f  t h e  h igh -p res su re  f low as a r e s u l t  o f  u s i n g  a s h o r t  cowl was a 
d r a s t i c  r e d u c t i o n  i n  n o z z l e  t h r u s t  b rought  abou t  by lowered cowl t h r u s t  f o r c e s  
and by reduced uppe r  wall  p r e s s u r e s  induced by a premature  expans ion  f a n  from 
the  cowl t r a i l i n g  edge. For  t h i s  case n o z z l e  upper  w a l l  l i f t  f o r c e s  are  much 
larger  than  t h e  s h o r t  cowl n e g a t i v e  l i f t  f o r c e ,  and a large n e g a t i v e  n o z z l e  
2 3 )  downstream o f  t h e  n o z z l e  t h r o a t .  The  b a s e l i n e  n o z z l e  cowl 
1 
p i t c h i n g  moment i s  induced  a t  Mach I O .  Extending  t h e  n o z z l e  cowl,  however,  h a s  I 
a b e n e f i c i a l  effect  on n e t  n o z z l e  t h r u s t  t h roughou t  t h e  Mach number range  and l 
1 
I 
produces  a n e t  p o s i t i v e  n o z z l e  pitching-moment inc remen t  compared w i t h  t h e  ref-  
e r e n c e  n o z z l e .  
It was shown i n  t h e  s e c t i o n  e n t i t l e d  "Scramjet Loca t ion f f  t h a t  i n c r e a s i n g  I 
cowl l e n g t h  p a s t  t h e  r e f e r e n c e  n o z z l e  cowl l e n g t h  o f  3.12 does s l i g h t l y  i n c r e a s e  
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nozzle-thrust and vehicle-thrust margin capability at Mach IO. The fact that 
the same trend extends through Mach 4 is shown in figure 20. Differences between 
power-on and power-off trim elevon deflections also decrease for the longer cowl 
length. More detailed trade-offs between cowl weight, cooling requirements, and 
propulsion efficiency are ultimately required to select the optimum cowl length. 
However, in view of the small performance gains, which result from increased 
cowl lengths, the final cowl length may be relatively short. 
PROPULSION EFFECTS ON VEHICLE PERFORMANCE 
The previous sections, which focused on parametric variations of nozzle 
geometry and engine location, determined that for the research vehicle of this 
study the baseline nozzle was near optimum under all conditions studied. This 
baseline nozzle is now used to assess briefly propulsion effects on vehicle sta- 
bility and acceleration. Results reflect integrated totals of forebody inlet 
compression, spillage, engine-module and nozzle efficiency, and trimmed aircraft 
aerodynamics through changes in angle of attack. 
Longitudinal Stability 
The addition of scramjet modules for power on or power off has a mixed 
although small effect on vehicle stability as shown in figure 21 for trimmed 
accelerating flight; for example, engine-power effects on stability at Mach 10 
have a destabilizing influence at low angles of attack and a stabilizing effect 
at higher angles, Basic airframe stability parameters (aerodynamic-center loca- 
tion) were computed as previously described by using simplified methods, which 
generally predict aerodynamic centers forward of their true position. However, 
the implications of this stability analysis are that, for a well-designed engine- 
nozzle combination, longitudinal characteristics of this type of basic airframe 
are not seriously affected by the addition of scramjet-engine modules, either 
power off or power on. 
Elevon deflections required for trim at angle of attack are shown in fig- 
ure 22. The maximum elevon deflection needed from power-on to power-off condi- 
tions is 8 O ,  which should be within acceptable limits; however, the dynamic 
behavior of such a vehicle in an engine shutdown situation is unknown and war- 
rants further study. 
Acceleration Performance 
The nozzle parametric investigations of the preceding sections of this paper 
have led to the conclusion that, for accelerating flight, a large expansion noz- 
zle with moderate cowl lengths and cowl deflection angles correctly located aft 
of the aircraft center-of-gravity position provides superior acceleration per- 
formance at an angle of attack of 2'. Realistic acceleration trajectories will 
deviate somewhat from such a constant angle of attack. 
The ability to resolve total-vehicle forces into orthogonal lift and drag 
(thrust) vectors allows an investigation of acceleration performance through an 
15 
a n g l e - o f - a t t a c k  r ange  by u s i n g  as a f i r s t - o r d e r  c r i t e r i o n  t h e  f o l l o w i n g  r e l a t i o n  
d e r i v e d  from a s imple v e h i c l e  f o r c e  a n a l y s i s  a t  small f l i g h t - p a t h  a n g l e s :  
t 
T h r u s t  and drag v e c t o r s  are o r t h o g o n a l  t o  t he  l i f t  v e c t o r ,  and K i s  a c o n s t a n t  
of p r o p o r t i o n a l i t y .  The f irst  component o f  t h i s  e q u a t i o n ,  t h e  t h r u s t  margin 
e f fec ts  on t h r u s t  and drag components f o r  t h e  trimmed r e s e a r c h  v e h i c l e  a t  
Mach IO. A s  a n g l e  of a t t ack  i n c r e a s e s ,  n o z z l e  and engine-module t h r u s t  i n c r e a s e  
p r i m a r i l y  as a resul t  o f  i n c r e a s e d  mass f l o w  i n g e s t e d  by t h e  eng ine  i n l e t  and 
s e c o n d a r i l y  because  of t h e  greater  c y c l e  e f f i c i e n c y  a s s o c i a t e d  w i t h  reduced  i n l e t  
Mach numbers. A i r c r a f t  drag t y p i c a l l y  i n c r e a s e s  w i t h  a n g l e  o f  a t t a c k  owing t o  
i n c r e a s e d  v e h i c l e  wave d r a g .  Thrus t  margin ( T  - D ) / D ,  however ,  peaks  n e a r  a n  
a n g l e  of  a t t ack  o f  2' as a r e s u l t  o f  t h e  i n t e r p l a y  between i n c r e a s e d  eng ine  and 
nozz le  t h r u s t  a t  a n g l e  of  a t t a c k  v e r s u s  i n c r e a s i n g  aerodynamic drag a t  these 
h i g h e r  a n g l e s .  T h i s  resul t  is shown by t h e  t h r u s t  margin c u r v e s  a t  t h e  t o p  o f  
f igure 24.  Note t h a t  a t  lower  Mach numbers maximum t h r u s t  margins  a l s o  peak a t  
low a n g l e s  of  a t t ack .  
( T  - D ) / D ,  is examined i n  some d e t a i l  i n  f i g u r e  23,  which shows a n g l e - o f - a t t a c k  I 
F i g u r e  24 a l s o  p r e s e n t s  t h e  l i f t - d r a g  r a t i o  terms c o n t a i n e d  i n  t h e  accel- 
e r a t i o n  e a u a t i o n .  These i n t e g r a t e d  l i f t - d r a g  r a t i o s  are summations o f  aerody-  
namic and a l l  p r o p u l s i o n  f o r c e s  i n  t h e  l i f t  d i r e c t i o n  and are  c o r r e c t e d  f o r  
c e n t r i f u g a l  e f fec ts .  These r a t i o s  t end  t o  peak a t  h i g h e r  a n g l e s  o f  a t t a c k  t h a n  
t h e  t h r u s t  margins .  A s  shown i n  t h e  lower p a r t  o f  figure 2 4 ,  maximum accelera- 
t i o n  o c c u r s  a t  low a n g l e s  o f  a t t a c k  ( h i g h  dynamic p r e s s u r e s )  where minimum-drag 
c o e f f i c i e n t s  and good t h r u s t  margins  o c c u r .  The p r a c t i c a l  l i m i t  o f  t h i s  t r e n d  
must be commensurate w i t h  h e a t i n g  and s t r u c t u r a l  l i m i t a t i o n s  on dynamic pres-  
s u r e ,  which cor respond t o  a 71 820-Pa ( 1 5 0 0 - l b f / f t  ) a c c e l e r a t i o n  t r a j e c t o r y  
f o r  t h i s  research a i r p l a n e  concep t .  
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CONCLUDING REMARKS 
A p r e l i m i n a r y  s t u d y  was conducted of  scramjet eng ine -nozz le  i n t e g r a t i o n  a t  
hype r son ic  s p e e d s ,  and t h e  r e s u l t s  o f  t h e  a n a l y s i s  were a p p l i e d  t o  a h i g h l y  i n t e -  
grated hype r son ic  research a i r c r a f t .  A s  a r e s u l t  o f  t h e  p e r t u r b a t i o n  o f  major  L 
eng ine -a i r f r ame  d e s i g n  pa rame te r s ,  s e v e r a l  encouraging  c o n c l u s i o n s  r e g a r d i n g  
scramjet-airframe i n t e g r a t i o n  have r e s u l t e d .  Foremost of these is t h a t ,  w i t h  
proper  d e s i g n ,  an  e f f i c i e n t  f ixed-geometry  engine-nozz le  combina t ion  u s i n g  t h e  
a i r c ra f t  a f t e r b o d y  as an  exhaus t  n o z z l e  p r o v i d e s  c o n t r o l l e d  and s t a b l e  f l i g h t  
over  a w i d e  r ange  of  Mach numbers. The r e l a t i v e  s i m p l i c i t y  i n h e r e n t  i n  f i x e d -  
geometry nozz le  c o n c e p t s  combined w i t h  f ixed-geometry  eng ine  modules as compared 
w i t h  v a r i a b l e  geometry sys tems shou ld  f a c i l i t a t e  f u t u r e  scramjet p ropu l s ion -  
sys tem development .  Also s i g n i f i c a n t  from a t o t a l - v e h i c l e - p e r f o r m a n c e  s t a n d -  




o f  t h e  f l i g h t  e n v e l o p e ,  a lso g e n e r a l l y  show s u p e r i o r  performance a t  t h e  low-speed 
end o f  t h e  scramjet o p e r a t i n g  r ange .  Thus,  o n l y  a small p e n a l t y  must b e  p a i d  i n  
n o z z l e  performance a t  any  Mach number f o r  t h e  f ixed-geometry concep t .  For veh i -  
c l e  t y p e s  similar t o  t h e  one  s t u d i e d  i n  t h i s  p a p e r ,  o n l y  s l i g h t  changes  i n  basic 
a i r c r a f t  s t a b i l i t y  are a n t i c i p a t e d  w i t h  t h e  a d d i t i o n  o f  eng ine  modules t o  t h e  
v e h i c l e  u n d e r s u r f a c e  and no  major  effect  on power-on c o n d i t i o n s  was no ted  on 
l o n g i t u d i n a l  s t a b i l i t y .  
Owing t o  t h e  p r e l i m i n a r y  n a t u r e  o f  t h e  s t u d y  o n l y  major  d e s i g n  t r e n d s  were 
deve loped ,  and many i m p o r t a n t  though second-order  pa rame te r s  were n o t  c o n s i d e r e d .  
1 I n  p a r t i c u l a r ,  t h e  s e n s i t i v i t y  o f  n o z z l e  d e s i g n  t o  th ree -d imens iona l  f l o w  v a r i a -  
t i o n s  was n o t  assessed b u t  shou ld  be i n c l u d e d  i n  more d e t a i l e d  f u t u r e  i n v e s t i -  
g a t i o n s .  F u t u r e  work must a l s o  be  carr ied o u t  i n  t h e  area o f  v e h i c l e  dynamic 
behav io r  and c o n t r o l  e f f e c t i v e n e s s  d u r i n g  a n  eng ine  shutdown s i t u a t i o n .  Although 
t h i s  s t u d y  showed o n l y  modera te  changes  i n  e l evon  t r i m  r e q u i r e m e n t s  between 
power-on and power-off e n g i n e  c o n d i t i o n s ,  t he  o v e r a l l  v e h i c l e  dynamic performance 
under  such  t r a n s i e n t  c o n d i t i o n s  i s  unknown. 
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TABLE 1 . -  ENGINE-INLET AND COMBUSTOR-EXIT CONDITIONS 
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TABLE 2.- ISOLATED LIFT, DRAG, AND MOMENT COEFFICIENTS 
Lift coy =- 
L A c  
cax =- 
L A c  
Thrust 
Notes: 
1. "A" point of application 
of forces .  
been subtracted from a l l  
2. Free-stream pressure  has cox 
sur faces  pr ior  to integrations. 
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Figure  1 . -  Hypersonic f l i g h t  envelope.  
Figure 2.-  Hydrogen-fueled research  a i r p l a n e .  
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Figure  3.- Hydrogen-fueled r e s e a r c h  a i r p l a n e  concep t .  
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Figure 4.- Ideal nozzle-area-expansion hydrogen-air combust'on-products 5 
chemical equilibrium. q, = 71 820 Pa (1500 lbf/ft 1.  
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Figure  5.- Key nozz le  o p t i m i z a t i o n  v a r i a b l e s .  
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(b) Spillage forces. 
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Figure 8.- Isolated-nozzle-fo ce characteristics. M, = 10; 
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Figure 10.- Variation of scramjet location. M, = 10; a = 2';
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Figure 11.- Engine-axial-location (integ ated)  effects. M, = 10; 
q = 71 820 Pa (1500 lbf/ft 5 1; a = 2'. 
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F i g u r e  13.- Engine-nozzle  t h r  s t  components.  
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F i g u r e  1 4 . -  Propuls ion-sys tem e f f i c i e n c y .  






I 0 -  
I I I I L A  
0 4  8 12 16 20 
J h c  
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F igu re  15.- Nozzle-wall a n g l e  v a r i a t i o n .  q = 71 
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F igure  17.- Nozzle-cowl-angle v a r i a t i o n .  q = 71 820 Pa (1500 l b f / f t 2 ) ;  a = 2'. 
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F igure  19.- Nozzle-cowl-length v a r i a t i o n .  q = 71 820 P a  (1500 l b f / f t 2 ) ;  a = 2'. 
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Figure  20.- Nozzle-cowl-length v a r i a t i o n .  q = 71 820 Pa (1500 l b f / f t 2 ) ;  ~1 = 2 0 . 
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Figure  21.- Aerodynamic-center l o c a t i o n .  Vehic le  c .g .  = 0.645Zv; 
trimmed e levon s e t t i n g .  
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Figure 22.- Trim elevon deflection5 in pitch. 
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Figure 23.- Force components i n  f l i g h t  d i  e c t i o n .  Mm 10; q = 71  820 Pa (1500 l b f / f t  5 ) .  
L/D 
4 -  
2 -  















0 \ '\ !,!- q = 7 1  820 Pa 
\- q = 19 152 
-.l ,L 
1 I I I I I I - 
-2 0 2 4 6 8 10 
a ,  deg 







NASA-Langley, 1976 L-1 1003 45 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 




898 001 C1 U A 761105 S00903DS 
DEPT OF THE AIR FORCE 
A f  WEAPONS LABORATORY 
BTTN: TECHNICAL L I B R A R Y  (SUL) 
K I R T L A N D  A F B  r J M  87117 
POSTAGE A N D  FEES P A I D  
N A T I O N A L  AERONAUTICS A N D  
SPACE A D M I N I S T R A T I O N  
451 
POSTMASTFR : If Undelivernble (Section 158 Postill Mnnunl) Do Not Return 
. .  . ; . ’ .i’ I,. 
“The aeronautical and space activities of the Unjted States shall be 
conducted so as to contribute . . . to the expansion 0% #@man knowl- 
edge of phenomena in the atmosphere and space. Th@‘C?tdministration 
shall prouide for the widest practicable and appropri4e ,dissemination y ,  
of information concerning its activities and the results €hehereof.” i, 
:.. 
.. . 
-NATIONAL AERONAUTICS AND SPACE ACT OF I958 . , .  . _  
SCIENTIFIC AND TECHhXGAL- PUBLICATIONS 
TECHNICAL REPORTS: Scientific and 
technical information considered important, 
complete, and a lasting contribution to existing 
knowledge. 
TECHNICAL NOTES: Information less broad 
in scope but nevertheless of importance as a 
contribution to existing knowledge. 
TECHNICAL MEMORANDUMS: 
Information receiving limited distribution 
because of preliminary data, security classifica- 
tion, or other reasons. Also includes conference 
proceedings with either limited or unlimited 
distribution. 
CONTRACTOR REPORTS: Scientific and 
technical information generated under a NASA 
contract or grant and considered an important 
contribution to existing knowledge. 
TECHNICAL TRANSLATIONS: Information 
published in a foreign language cpnsidered 
to merit NASA distribution in E;&sh. . 
SPECIAL PUBLICATIONS: Information 
derived from or of value to NASA activities. 
Publications include final reports of major 
projects, monographs, data compilations, 
handbooks, sourcebooks, and special 
bibliographies. 
TECHNOLOGY UTILIZATION 
PUBLICATIONS: Information on technology 
used by NASA that may be of particular 
interest in commercial and other- non-aerospace 
applications. Publications include Tech Briefs, 
Technology Utilization Reports and 
Technology Surveys. 
Details on the availability of these publications may b e  obtained from: 
SCIENTIFIC AND TECHNICAL INFORMATION OFFICE 
N A T I O N A L  A E R O N A U T I C S  A N D  SPACE A D M I N I S T R A T I O N  
Washington, D.C. 20546 
